To examine the sequence complexity and differential expression of human atubulin genes, we constructed cDNA libraries from two unrelated tissue types (epidermis and fetal brain). The complete sequence of a positively hybridizing atubulin clone from each library is described. Each is shown to represent an abundantly expressed gene from fetal brain and keratinocytes, respectively. Although the coding regions are extensively homologous (97%), the 3' untranslated regions are totally dissimilar. This property has been used to dissect the human a-tubulin multigene family into members bearing sequence relatedness in this region. Surprisingly, each of these noncoding regions shares very high (65 to 80%) interspecies homology with the 3' untranslated region of one of the two rat atubulin genes of known sequence. These unexpected homologies imply the existence of selective pressure on the 3' untranslated regions of some cytoskeletal genes which maintains sequence fidelity during the course of evolution, perhaps as a consequence of an as yet unidentified functional requirement.
Many, and perhaps most, eucaryotic genes exist as members of multigene families. This generality extends over genes encoding the products of terminally differentiated cells, such as globin, ovalbumin, and immunoglobulin, as well as commonly expressed genes such as those for the histones, actins, and tubulins. For tubulin, hybridization evidence has revealed the presence of about 15 copies each for both a-and Itubulin sequences in the human genome (2, 8, 30) . Among the P-tubulin sequences, several are incapable of encoding functional proteins, as they contain a variety of genetic lesions, including deletions, insertions, and in-frame termination codons (8, 31, 32) . A similar situation exists in the human a-tubulin gene family, and the number of functional aor ,-tubulin genes is therefore unknown. A principal difficulty in addressing this issue is the fact that tubulin proteins are highly evolutionarily conserved; consequently, probes containing coding sequences cannot discriminate among mRNAs transcribed from different genes. Here we present the nucleotide sequences of two different human atubulin mRNAs. Despite the extensive homology within the coding regions, the 3' untranslated regions are totally dissimilar. Therefore, subcloned 3' untranslated region probes have been used to dissect the human a-tubulin gene family into members bearing sequence relatedness at their 3' ends and to examine their differential expression in a number of human cell lines. Unexpectedly, comparison of these 3' untranslated sequences with the noncoding regions from two different rat a-tubulin genes (6, 14, 15) revealed remarkable degrees of homology throughout (65 to 80%). This surprising interspecies conservation of 3' untranslated sequences suggests the existence of selective pressure that maintains homology in a noncoding region whose function is presently unknown. MATERIALS AND METHODS Isolation and sequence of human e-tubulin clones. The cDNA clones bal and kal were isolated by screening cloned cDNA libraries constructed from human fetal brain and cultured human keratinocytes, respectively (13; N. J. Cowan and L. Dudley, Int. Rev. Cytol., in press). Colonies were screened by filter hybridization (7) , using the excised insert from a 32P-labeled chicken a-tubulin cDNA probe (2) .
Sequence analysis was by the dideoxy chain terminator method (22) or the chemical degradation procedure (16) . For the former method, DNA cleaved at the restriction sites shown (Fig. 1 ) was subcloned into the replicative form of bacteriophage M13 mp8 or mp9 (12) . For the latter method, isolated restriction fragments (as indicated in Fig. 1 ) were end labeled with alkaline phosphatase and polynucleotide kinase. Homologies with the sequence of rat a-tubulin cDNAs (6, 14) were established by using the computer programs of Staden (25) . Sequencing strategies. cDNA copies of two human oa-tubulin mRNAs were isolated by screening cloned cDNA libraries with the chicken a-tubulin cDNA clone pTl as a probe (2) . The kal clone was obtained from a library constructed from keratinocyte mRNA (4) . For the second a-tubulin mRNA, bal, three overlapping clones were obtained from a library constructed from fetal brain mRNA (13) . Restriction sites at which regions of each cDNA were subcloned into the replicative form of M13 mp8 or mp9 or both are shown. Solid lines and arrows indicate the regions and directions of sequence data obtained by the method of Sanger et al. (22) . Dashed lines indicate the regions and directions of the bal cDNA sequenced by the method of Maxam and Gilbert (16) . The brackets at the bottom of the bal diagram indicate the sequence contained in each of the three overlapping clones. H, HindIll; P, PstI; R, EcoRI; S, Smal; S3, Sau3A.
Construction and labeling of 3' untranslated region subcloned probes. A recombinant plasmid of pBR322 containing the 3' untranslated region of kal was constructed by isolating a 150-base-pair fragment which extended from the internal PstI site 24 base pairs 3' to the termination codon to the downstream PstI site produced as a consequence of the cloning procedure. In the case of bal, an M13 mp8 subclone was constructed which contained 75 base pairs of the 3' untranslated region of bat which extended from an MboII cleavage site eight base pairs upstream from the termination codon to a Sau3A site downstream. Replicative form was prepared, and the 75-base-pair insert was excised from the phage vector, using the flanking EcoRI and Sall sites in the mp8 polylinker. The insert was then recloned into pBR322 cleaved with EcoRI and Sall.
For preparation of 32P-labeled probe from the chicken a-tubulin cDNA clone pT2 (2), plasmid DNA was labeled by nick translation (20) , or the cDNA insert was labeled by the random priming method of Shank et al. (24) . The kal and bal 3' untranslated region subclones were labeled for RNA blot analyses by nick translation. For probes in genomic DNA blots, the kal insert was isolated and labeled by the random priming method; the batl 75-base-pair insert was isolated and labeled with 3,000 Ci/mmol deoxynucleotide triphosphates by filling in the 5' overhanging EcoRI and Sall ends with reverse transcriptase.
Cell culture and RNA preparation. HeLa cells and human diploid fibroblasts (IMR 90) were grown in culture in Dulbecco minimal essential medium supplemented with 10%, newborn calf serum. A squamous carcinoma cell line (SCC-15) derived from tongue cells was grown in Dulbecco minimal essential medium containing 10% fetal calf serum, 10 ng of epidermal growth factor per ml, and 0.4 ,ug of hydrocortisone per ml (19) . Cultured human epidermal cells (keratinocytes) were derived from the foreskins of newborns and grown in the presence of lethally irradiated 3T3 cells as previously described (4) .
Cytoplasmic RNA was prepared from HeLa cells by sodium dodecyl sulfate-proteinase K treatment of a postnuclear cell extract, followed by phenol extraction and ethanol precipitation (3). Total RNA was prepared from the remaining three cell lines by the guanidine procedure of Strohman et al. (27) as modified by Fuchs and Green (5) . RNA from human fetal brain and from human fibrosarcoma was prepared as described previously (13) . In all cases, the polyadenylic acid [poly(A)]-containing fraction was isolated by chromatography on oligodeoxythymidylic acid-cellulose.
RNA and DNA blot analysis. For analysis of genomic DNA, aliquots (5 p.g) of human placental DNA were digested with a fourfold excess of restriction enzyme (New England Biolabs, Inc.) under the conditions recommended by the manufacturer. Fragments were resolved on 0.8% agarose gels and transferred to nitrocellulose (26) . These blots were first prehybridized and then hybridized with 32P-labeled probes in 50% formamide at 41°C for 48 h in sealed plastic bags as described previously (2) . Blots were washed three times at 53°C in 0.1% sodium dodecyl sulfate-0.1 x SSC (1x SSC is 0.15 M NaCI plus 0.015 M sodium citrate) for a total wash time of 1 h.
For analysis of RNA, poly(A)-containing RNA samples were electrophoresed under denaturing conditions with gels containing formaldehyde (1), followed by transfer to nitrocellulose (28) . Specific RNAs were then detected by hybridization with 32P-labeled probes (3) . Conditions for hybridization and washing were as above for DNA blot analysis.
RESULTS
Isolation and sequence of two human a-tubulin cDNA clones. Cloned copies of two a-tubulin mRNAs were identified by screening two cDNA libraries, one constructed from human keratinocyte mRNA (4), the other from human fetal brain mRNA (13) . The complete nucleotide sequences of the cDNAs contained in these two clones were determined by the strategies shown in Fig. 1 . The sequence data ( Fig. 2) show that the keratinocyte clone, kal, contains 67 bases 5' to the initiator methionine, the entire a-tubulin coding region (1,356 nucleotides), and a complete 3' noncoding region extending 173 base pairs 3' from the termination codon to the poly(A) tract. The human brain sequence, batl, which was derived from three overlapping cloned cDNAs ( Fig. 1 ), begins at amino acid 110 and extends to a poly(A) tract located 216 base pairs from the termination codon.
Because a-tubulins from Aspergilluts spp. to humans share many functional and biochemical properties, a high degree of interspecies coding region homology is to be expected. Indeed, VOL. 3, 1983 Met Arg Glu Cys Ile   k61   TGTCGGGGACGGTAACCGGGACCCGTrCTCTGCTCCTGTCGCCTTCGCCTCCTGATCCCTAGCCAT ATG CGT GAG TGC ATC   10 20 30
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Val Phe Val Asp Leu Glu Pro Thr Val Ile Asp Giu Val Arg Thr Gly Thr Tyr Arg Glu Leu Phe His Pro Glu Gin Leu Ile Thr Gly k51 GTG m GTA GAC TTG GAA CCC ACA GTC AGATGMA GTT CGC ACT GGCACCTAC CGC CAG CTC TTC CACCCT GAG CAG CTC ATC ACA GGC Ala Asp Gin Cys Thr Gly Leu Gin Gly Phe Leu Val Phe His Ser Phe Gly Gly Gly Thr Gly Ser Gly Phe Thr Ser Leu Leu Met Glu k6l GCT GAC CAG TGC ACC cGT CTT CAG GGC UTC UTG GTT TTC CAC AGC m GGT GG GGA AC GGT TCT GG TTC ACTCC CTGCTC ATG GMA inspection of the sequence data (Fig. 2 ) reveals that within 342 codons of homologous a-tubulin sequence, there is even a striking conservation of sequence among residues that do not affect the amino acid sequence. However, there is no detectable homology in the 3' noncoding regions.
Comparison of the protein sequences encoded by kol and batl (Fig. 2) with amino acid sequence data from chicken brain (29) , pig brain (18) , and rat brain (14, 15) confirms the anticipated coding region homology, revealing identity in all of these sequences with the exception of amino acid positions 136, 175, and 232. At residue 136, pig and chicken brain a-tubulins have seine residues whereas both kal and bal and rat have leucine; at residue 175, the chicken sequence has an arginine residue in place of proline found in the mammalian sequences; and finally, at residue 232, all of the brain a-tubulins have glycine, whereas the keratinocyte a-tubulin (kal) has serine. Although this latter difference between brain and keratinocyte a-tubulins could be a consequence of an error of reverse transcription during the cloning process resulting in an AGC codon in place of a GGC codon, it probably reflects a real difference since it is located in a cluster of nucleotide sequence differences.
Dissection of human a-tubulin multigene family by using 3' untranslated region subcloned probes. The human genome contains approximately 15 sequences that hybridize with an intact a-tubulin cDNA probe (Fig. 3A) . Because the coding regions of a-tubulin genes are extensively conserved ( Fig. 2 and Cowan and Dudley, in press), probes containing coding region sequences cannot distinguish among members of this multigene family. On the other hand, like the noncoding regions of most previously studied gene families (e.g., reference 2), the 3' nontranslated regions of kal and bal are unrelated and can therefore be used to dissect the human a-tubulin gene family into subgroups with homology in this region. To do this, genomic human DNA was first digested with either of two restriction endonucleases, separated by agarose gel electrophoresis, and transferred to nitrocellulose. The blot was then hybridized to labeled probes constructed from the 3' untranslated region of either kal (lane 2 of Fig. 3A and B ) or bal (lane 3 of Fig. 3A and B) . The entire human a-tubulin gene family, as detected by the complete coding sequence probe from a chicken cDNA clone, is shown for comparison in lane 1 of Fig. 3A and B . For either of the 3' untranslated region probes, a subset consisting of two bands in each digest was identified. As expected, each of these bands also appeared in the blot probed with the coding sequence probe. Because neither of the 3' non- coding sequences contains an internal site for either of the two restriction enzymes used, the number of bands detected almost certainly represents the number of homologous sequences present in the genome. Thus, the wide divergence in the 3' untranslated sequences of the human a-tubulin mRNAs serves to simplify the search for specific expressed genes from this large gene family.
Differential expression of kal and bal in different human cell lines and tissues. The observation that microtubules are structural components of a wide variety of cellular processes (e.g., elongated neuronal processes, mitotic spindles, cilia, and flagella) has long encouraged speculation that different tubulin polypeptides might be utilized to construct functionally distinct microtubules. Although protein studies have demonstrated the expression of multiple mammalian a-tubulin polypeptides (18), patterns of tissue-specific a-tubulin gene expression are unknown. We therefore performed blot analyses with RNA from a variety of human cell lines and tissues. In each case, the blots were hybridized with the noncross-hybridizing, 3' untranslated region probes subcloned from kal (Fig. 4B) ing RNAs were prepared from a variety of human cell lines and tissue types. Samples of RNA were electrophoresed on a denaturing gel and transferred to nitrocellulose. (A) Detection of total a-tubulin mRNAs by hybridization with a 32P-labeled probe derived from pT2, a cDNA clone carrying the complete coding sequences of a chicken a-tubulin mRNA (27) ; (B) detection of the kal mRNA by hybridization with the 3' untranslated region of the kal cDNA; (C) detection of the batl mRNA by hybridization with a 3' untranslated region probe derived from the bal cDNA. Lanes 1 to 4 represent the hybridizations of 2 jig of poly(A)containing RNA from (1) HeLa cells, (2) human diploid fibroblasts, (3) human epidermal cells, and (4) a squamous cell carcinoma; lanes 5 to 7 represent hybridizations with 3 ,ug of poly(A)-containing RNA from (5) human fetal brain, (6) HeLa cells, and (7) a human fibrosarcoma. bal (Fig. 4C ). For comparison, the entire complement of a-tubulin RNAs were identified by hybridization with a coding sequence probe (Fig. 4A) . Figure 4B identifies expressed atubulin mRNAs with homology to the 3' noncoding region of kal; Fig. 4C identifies those RNAs with homology to the corresponding region of the bal probe. Lanes 1 to 4 of Fig. 4A to C represent RNAs derived from cells of various origins (HeLa cells, human fibroblasts, cultured keratinocytes, and a line from a squamous cell carcinoma of the tongue, respectively); lanes 5 to 7 represent mRNAs derived from fetal brain, HeLa cells, and a fibrosarcoma. Clearly, kal represents an abundant a-tubulin RNA in each of these cells. The batl RNA, on the other hand, is strongly expressed in only one of these samples (fetal brain). Thus, our results demonstrate that in the cell and tissue types tested, bal is prominently expressed only in fetal brain, whereas kal appears in all tissues. It is conceivable that the expression of batl is restricted to an early developmental stage.
Interspecies conservation of brain a-tubulin 3' noncoding region. Although the 3' noncoding portions of kal and batl are completely distinct, a comparison of the 3' untranslated regions of brain a-tubulin mRNAs from humans (bal) and rats (pILaTl) (14, 15) reveals an astonishingly high (>80%) degree of homology between these two nontranslated sequences. An alignment of these two regions is presented in the top portion of Fig. 5 . Deletions have been introduced into the rat sequence so as to retain maximum homology with respect to the human sequence. Of the 196 residues between the termination codon and the end of the AAUAAA polyadenylation signal in the human (bal) sequence, 168 nucleotides are identical with the rat pILaTl sequence. This striking homology includes one 29-basepair stretch containing only one substitution (residues 65 to 93 shown in Fig. 5 ). Indeed, a residual but nonetheless significant homology exists over a 27-base-pair region between a chicken a-tubulin 3' noncoding region (29) and that of bal-pILoTl (see top line of Fig. 5 ). Such surprising interspecies homology between atubulin genes also applies to kal and a second rat a-tubulin mRNA (6) , although in this case the homology is less extensive (see bottom of Fig.   5 ). DISCUSSION The human aand 3-tubulin gene families contain about 15 members each, on the basis of the number of bands detected in Southern blots with intact cDNA probes (2, 8) (Fig. 3 ). In the case of the P-tubulin multigene family, the majority of sequences are intronless pseudogenes derived by a mechanism involving chromosomal integration of an mRNA-derived intermediate (8, 31, 32) . A similar picture most probably exists in the a-tubulin multigene family (e.g., reference 30). Thus, only a small proportion of the total number of human genomic tubulin sequences represents functional genes (9) . However, our present results in which a-tubulin MOL. CELL. BIOL. TUBULIN GENES 1743   10 20 30 40 cDNA clones have been isolated from fetal GAGTlCMCAGGTGtCTGTACGTACM human brain and from cultured human epidermal cells demonstrate that at least two different AGTTAAACGQTCAcAAGGMTGCTGc=TACAGGGAACr a-tubulin genes are functional in humans. More-A-TT-"AATGTCAC-AOTGCTGCIACAGGGATfTT over, expression of these two sequences is clear-S0 60 70 80 ly programmed by two different gene control TATTCTG=AIACATAATGTGTCWTATCA pathways during differentiation (Fig. 4) . The bal gene is a major a-tubulin species in fetal brain TATrCTGv-GTrCCAACATAGAA---GTrGTGGCTGATCA but not in other tissues and as such most likely A-CTGACTr------TAAGTGTGMTGA-TTTGTCAGAGA represent functionally distinct a-tubulin subunits must await further study.
EXPRESSION OF HUMAN a-

CCC 1GCTGTCCAT0ATG1MATATA
Because the 3' untranslated regions of kal and bal are unrelated, we used them as probes CCCGAGCCGTCCACTTCACTGATGGGT1TTAAATAAATA to dissect the human a-tubulin multigene family.
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In each case, a subset of two bands per restric-TTCCCTGTC7rAAATk tion digest was obtained, suggesting the presence of two sets of closely related a-tubulin CTCCCTGTCTTA sequences (Fig. 3) . We have screened recombinant human genomic libraries with the 3' untranslated region from bal and have isolated tubulin gene (14) shows a remarkable degree of GTCATlAACATC homology (Fig. 5 ). Apart from several apparent deletions in the rat sequence, there are 30 single base differences in a sequence of 215 base pairs. Comparison of 3' untranslated region se-Assuming an equal rate of mutation after diver-,f bal and kal with the corresponding rat a-gence and a neutral mutation rate of 0.7% per quences. (Top) The 3' untranslated region of 106 years (17) , this degree of difference would -en aligned with the 3' untranslated region of .
. ' 7 4), a cloned copy of a rat a-tubulin mRNA, impy that divergence took place about a0n years portion of the 3' untranslated region of pTl ago. However, the closest common ancestor of ed copy of a chicken brain a-tubulin mRNA. rats and humans existed probably 8 x t07 years (displayed by a -) have been introduced ago (21). Therefore, some selective constraint into the rat sequence to maintain maximum homology. Matches in the sequences are denoted by (:); the poly(A) addition signals are underlined in the human and rat sequences. Downstream from nucleotide 32 of the chicken untranslated region sequence, no homology with the human sequence is detectable; consequently, the portions of the chicken sequence 3' to this nucleotide position are not shown. (Bottom) Alignment of the 3' noncoding portion of kal with pT25 (6), a cloned copy of a second rat a-tubulin mRNA. In both parts of the figure, the first nucleotide of each sequence represents the first nucleotide 3' to the translation termination codon and the numbering shown corresponds to the human sequence (with the first 3' noncoding region nucleotide as residue 1). must have maintained sequence homology between these 3' untranslated regions after species divergence. This explanation is consistant with the 70% homology noted previously between the 3' untranslated regions of rat and human 1-actin genes (10) and the cross-hybridization of a rat skeletal muscle actin 3' untranslated region probe with RNA from rabbits and dogs (23) . With the exception of a short (about 30-nucleotide) region in the 3' untranslated region of the tandemly repeated histone gene cluster (11), we are unaware of any additional examples of extensive interspecies homology among the 3' untranslated regions of tubulin, or indeed any other polyadenylated mRNAs. In most cases only the hexanucleotide AAUAAA that signals the addition site for poly(A) seems to be conserved; indeed, most conserved signals-the so-called ATA box and consensus splice junction signals, for example-are relatively short. The conservation which we have documented here of sequence homology over a region exceeding 200 base pairs in length suggests a role that may depend on transcription. However, inspection of the sequence data ( Fig. 5 ) reveals no open reading frame in either transcriptional orientation. It seems unlikely, therefore, that this region of DNA encodes a polypeptide. Thus, the evolutionary significance of this unexpected observation is unknown. The intriguing possibility remains that the sequence could be transcribed to yield a separate RNA species of unknown function; alternatively, this 200-base-pair segment may serve some regulatory role during tubulin RNA transcription or processing, or it may confer on its particular mRNA some other as yet unknown functional property.
